The head runner of a rubber extruder is important for controlling rubber flow and improving extrudate quality. To clarify the effect of the structure parameters of the head runner of a doubleplex tread extruder on extrudate quality and obtain high-quality rubber extrusions, a finite element model of the down head runner was established. The extrusion process was analyzed through numerical simulations, wherein the Bird-Carreau constitutive equation and Navier slip law were used along with some computational methods, such as quadratic interpolation of velocity and linear interpolation of pressure and viscosity. The Newton iteration algorithm was used for numerical calculations. The mean-square deviation of velocity (SDV) of rubber flow in the outlet cross section was selected as the evaluation objective. A Placket-Burman design was used to select three key factors-angles A and B and outlet width D-from among eight runner structure parameters affecting the velocity variance. By using central composite design (CCD), the quadratic response surface model using the three key factors was established, and the influence law of a combination of the three key factors on SDV was obtained. The response surface model was optimized using the simulated annealing (SA) algorithm, and the optimal key factors of the head runner were obtained. The optimal runner design realizes a more uniform velocity distribution in the outlet cross section. Furthermore, a comparison of the simulated flow velocities of the original and optimal head runners at different inlet flow ratios and temperatures indicates that the optimal head runner flow velocity improves the extrusion quality. Thus, an optimal runner with optimal key factors was manufactured. Test results of the rubber flow state indicated that the flow is regular and that warping disappears. The proposed optimization strategy can be used practically for improving the head runner design, shortening the product development cycle, and reducing the production cost.
Introduction
Tires are a core component of automobiles that affect automotive performance. Thus, the "Made in China 2025" plan classified automobile industry as one of the top ten "strongly pushed development of key breakthroughs in the field." The China Rubber Industry Association has targeted developments in tire manufacturing technology under China's 13th Five-Year Plan.
The tread quality realized by the extrusion process considerably affects tire performance [1] . At present, tread products are mainly produced using rubber extruders. To ensure the uniformity of rubber extruder products, the head runner structure is particularly crucial. Traditional head runner designs are created mainly through the trial-and-error method, resulting in high costs and long product development cycles. Furthermore, experiments cannot clarify the rubber flow state inside the head runner, making it difficult to propose improvements to the head runner structure.
Rubber exhibits die swell, melt fracture, and deformation distortion in the extrusion process, caused by stretching, extrusion, shear stress, and temperature [2, 3] . The final quality of extruded products depends on the process conditions and extrusion shape. Furthermore, extrudate quality can be considerably improved by optimizing extruder head runner structure parameters [4] . Sun et al. found that differences in the thickness ratio of each layer resulted in differences in the properties of extruded products made of composite materials [5] . Dooley and Hilton studied the influence of runner geometry on the extrusion quality to reduce the effect of viscosity on the thickness of the extruded layer and found that different runner structures caused velocity rearrangement at the interface, resulting in polymer coextrusion producing layers of uneven thickness [6] . Musil and Zatloukal explored the effects of gradual expansion, chamfering, and tapering on flow stability at the outlet of the head runner [7] . Elgeti et al. used a numerical method to identify the geometric factors affecting the product quality by controlling various parameters to obtain an optimum head runner structure [8] . Zhong et al. studied the UHMWPE plunger extruder runner to determine the impact of the geometrical parameters of the buffer section and transition section on the rubber flow; they found that decreasing the buffer cross section and transition section slope improved the product quality [9] .
Tread rubber extrusion process can be simulated using the finite element method, and this process can be evaluated in detail from the flow characteristics to design a runner. Lin et al. analyzed the flow state of the compound in the runner by using Fluent software and analyzed the impact of the variation of the runner choke block on the flow behavior and export speed of the compound, as well as improved the lower part of the choke block and quality of extruded plastic material [10] . Dai et al. compared the uniformity of the fluid extrusion velocity distribution of the rubber-sealing die, determined the judge feasibility of the runner design, and optimized the runner [11] . Liang et al. proposed a method for increasing the height of the slit area and for expanding the die inlet to effectively resolve uneven velocity distribution in the initial mold design as well as to improve rubber flow in the runner and the extrusion quality [12] . For a doubleplex tread extruder runner, the rubber flow rate at the outlet horizontal width must be uniform. However, rubber flows in the runner are affected by the geometry of the choke block and the head runner. Thus far, studies on the extrusion of tire rubber have mainly focused on analyzing the traction speed, flow, and other process parameters; few studies have investigated the effect of runner geometry parameters on extrusion quality. We cannot say for sure the influence order of head runner structure parameters on rubber extruded quality and still have difficulty putting quick effect optimization method to improve runner structure and promote rubber extrudate quality.
The present study focuses on the down head runner structure of a doubleplex tread extruder. The isothermal Newtonian fluid model is used to simulate rubber flow in the runner. First, the mean-square deviation of velocity (SDV) of rubber flow in the outlet cross section of the runner is used as the evaluation index, and the key design parameters of the head runner and choke block structure are obtained using the Plackett-Burman (PB) design method. PB analysis results show that the angles A and B and outlet width D are three key factors influencing the extrusion quality. Second, central composite design (CCD) is used to build the response surface model of the effect of key parameters on extrusion quality. Third, the response surface model is optimized through the simulated annealing (SA) algorithm, and the optimum head runner design is established. The rubber extrusion quality in the original runner and the optimal runner is compared at different flow rates and different temperatures, and the results show that the optimized runner improves the extrusion quality. The test results of the rubber flow state indicated that the flow is regular and that warping disappears.
Computational Model and Method

Geometric Model and Finite Element
Model. This study focuses on the down head runner of a doubleplex tread extruder. Figure 1 shows the geometry of the head runner. When the rubber flows into the head runner from the extruder screw, the fluid is split into two sections and flows into the respective calibration sections by the choke block. Because of the rheological properties of the rubber polymer and contraction of the cross section of both sides of the runner, the rubber streamline is not parallel and the flow velocity is not uniform, resulting in a tapered shape converging at the outlet. The main aim then is to adjust the flow distribution and improve the flow pressure to ensure the uniformity of the flow rate at the outlet.
The runner has an inlet width of 500 mm and outlet width of 600 mm, with a choke block width of 460 mm; the runner outlet also has two 70 mm-wide sides. Because the runner has plane symmetry, only one symmetrical half of the runner is considered in the finite element model, as shown in Figure 2 (a). Figure 2(b) shows the boundary conditions. To ensure that the inlet pressure has uniform distribution, a 200 mm extending runner is used at the inlet. To develop the rubber flow completely, a 250 mm free expansion zone is used. Eight runner parameters, A to H, are selected to analyze their effect on extruder uniformity. A and B are choke block angles, C is the choke block transitional fillet radius, D is the outlet width, E and F are the sidewall transitional fillet radius, H is the choke block top fillet radius, and G is the inlet width. Tetrahedral elements are used in the head runner and triangular prism elements in the free expansion zone and extending runner zone. The size of elements should be set differently by considering the time cost and accuracy of the simulation. The elements in the head runner area are smaller in size than are those in the free zone and extending runner, and rubber flow in this area is fully developed. Therefore, meshing in the head runner is refined, and the element size is 1 mm. The free zone and extending runner are meshed coarsely with an element size of 3 mm.
Control Equation and Constitutive Equation.
The tread rubber extrusion process follows the conservation of mass and momentum. Assuming that tread rubber is an incompressible isothermal non-Newtonian fluid flow [13] , that the flow is stable and laminar, and that the influence of gravity, inertia force, and temperature on the flow is ignored, the rubber flow control equation in Euler space coordinates can be given by the following:
Here, ∇ is the Hamiltonian operator, ν the velocity vector, p the static pressure, and τ the deviatoric stress tensor.
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The pure viscous Bird-Carreau model can effectively reflect the rheological properties of the rubber compound, and the Bird-Carreau model is applicable to low and high shear regions [14] . Therefore, the Bird-Carreau model is used as the constitutive equation. The relationship between the shear viscosity η and the shear rate γ is expressed as follows:
Here, η 0 is the zero-shear viscosity, η ∞ the infinite shear viscosity, λ the relaxation time, and n the nonNewtonian index.
The rheological parameters of TQ387 rubber are determined using the RPA2000 rubber processing analyzer, and then the rheological parameters are fitted using the BirdCarreau model. Table 1 lists the specific constitutive model parameters at 110°C.
Boundary Conditions
(1) Inflow boundary condition: assume full development of the rubber flow and inlet flow rate Q = 0 000345 m 3 /s.
(2) Symmetric boundary: tangential stress f s = 0 and normal velocity ν n = 0.
(3) Wall boundary: low slip exists between the rubber compound and the wall in the actual extrusion process; thus, the Navier slip law is used to calculate the slip resistance as (5) Outlet boundary conditions: if no external traction is acting on the outlet, the normal force and tangential velocity of the surface are zero; that is, f n = 0 and ν s = 0.
Numerical Algorithm.
The velocity field is solved using the quadratic isoparametric element method, the pressure field by the linear isoparametric method, and the control equation by the Newton iteration method. The free zone is considered to have unknown deformation, and the rubber non-Newtonian index n is small. Hence, the nonlinear problems in the simulation process are solved using the parameter evolution method, and the mesh of the free expansion zone is reset using the Optimesh-3D method.
Results and Discussion
2.5.1. Analysis of Die Swell of Rubber Compound. Figure 3 compares the ending cross-section profile between the physical extruder and simulation extruder. This figure shows that the rubber flow velocity was arranged after leaving the runner die. Because the flow velocity was high at the end and low in the middle, rubber die swell resulted in large deformation at the end and small deformation in the middle. Simultaneously, the end area was warped and the central area was smooth. The cross-sectional area obtained from physical extruder is 0.000465 m 2 ; this was measured by using the TM-800 scanning laser cross-section measuring instrument. The cross-sectional area obtained from the simulation is 0.00451 m 2 ; the simulation error was 3.1%. This result indicates that the simulation results reflect the rubber flow phenomenon well and that the simulation method is reliable. Figure 4 illustrates the pressure simulation contour in the head runner. This figure shows that an obvious pressure gradient distribution occurs when the choke block obstructs the flow and forms a high-pressure range in the front region of the choke block. The high-pressure area results in increased energy consumption at the head. The minimum pressure areas appears at the outlet of runner area D and choke block angle area A. Furthermore, negative pressure is clearly produced when rubber at the outlet of the runner and its flow is rearranged. The negative-pressure area extends along the profile of the choke block to the runner inside, thus affecting the stability of the rubber flow.
Analysis of Pressure Field in the Head Runner.
Analysis of Velocity Field in the Head
Runner. Figure 5 shows the flow velocity simulation contour in the head runner. This figure shows that low velocity flow occurs when the choke block obstructs the flow. Furthermore, a stagnant flow region appears in the front region of the choke block angle B, and a no-flow region may be produced in the actual rubber extrusion process. If rubber is retained for a long time under high temperatures, vulcanization scorch may occur in the stagnating region, greatly affecting rubber extrusion quality.
The analyses shown in Figures 4 and 5 suggest that to improve the uniformity of the rubber compound flow state, the structural parameters of the head runner should be optimized to increase the extrusion quality while reducing energy consumption.
Optimization Analysis and Discussion
3.1. PB Experimental Design and Analysis. The shape and profile of the head runner greatly influence the rubber flow and extruder quality. To optimize the head runner structure and improve flow uniformity, the effect of each parameter of the runner on the flow uniformity should first be determined.
The PB experiment is based on the incomplete balance plate principle; it can obtain up to N − 1 variables through N experiments [15, 16] . The main purpose of the two-level PB experimental design is to accurately estimate the major effects of the experimental factors through only a few tests.
In the extrusion process, the uniformity of the flow velocity distribution of rubber in the cross section of the runner outlet greatly influences the extrudate quality. To accurately describe the velocity uniformity of the extrudate in the cross section, the mean-square deviation of velocity (SDV) is used:
Here, v i is the rubber flow velocity at node I in the cross section of outlet to be researched, v is the average velocity for the selected nodes, and n is the total number of chosen nodes. Therefore, the lower the SDV value, the better will be the extrudate quality. In this study, all outlet nodes are chosen for calculating the SDV. The number of nodes is 50.
In the experimental analysis, the runner structure parameters are screened using the linear function and the interaction is neglected. The linear equation model is shown as
Here, Y is the SDV of the outlet, x i indicates the eight design parameters A-H, and β i is the regression coefficient indicating the effect of parameter i on Y. Tables 2 and 3 list the PB design factors and levels and the PB test results, respectively. By using the test results in Table 3 , a regression analysis is performed to determine the effect of each parameter on SDV. Table 4 shows the results of the significance analysis of the effect of the head runner structure parameters on SDV.
According to the significance analysis result in the "Stdized effects" column of Table 4 , angles A and B and radii F and H have positive effects, whereas the remaining have negative effects. As per the analysis results shown in the "Contribution (%)" column of Table 4 , angles A and B, outlet width D, and radius C have a significant influence. However, the design of radius C is directly affected by angles A and B. Furthermore, outlet width D is a key parameter affecting optimization studies [17] . CCD is an effective alternative to full-factorial design, which enables more data to be obtained through a smaller number of experiments. CCD differs from other methods by the use of axial points, defined as α values. Axial points require two more experiments for each parameter at the lowest and highest levels. All variables and their respective range were presented in Table 5 . A five-levelthree-factor CCD leading to 20 experimental runs is used for optimizing the runner structure parameters. The experiment sequence was randomized to minimize the effects of uncontrolled factors. Table 6 shows the factorial design Figure 5 : Velocity simulation contour in the head runner. The main effects and interactions among the factors were determined. The regression and variance were analyzed to determine the optimal process parameters.
The response surface methodology (RSM) consists of a set of mathematical and statistical techniques for developing a functional relationship between a response of interest y and a number of associated control (or input or explanatory) variables x 1 , x 2 , … , x k . It is useful for applications in which reliable physical mathematical models to establish such a relationship are not available. It is also useful in cases where obtaining experimental data is costly to attempt to reduce the costs involved. In general, the relationship between y and x i is unknown; however, it can be approximated by a low-degree polynomial model. RSM focuses on using the experimental design to determine the variables that influence the response of interest [18] . After the experimental design, a response surface can be fitted so as to quantify the relationships between the response and the explanatory variables. This method is used as a guide to gradually vary the controllable factors that affect the response in such a way that the response value is improved.
In this study, we have used a second-order polynomial in keeping with Box and Wilson's study [19] . The model is represented in (7), where x i are the design variables, ε is the residual, and β 0 to β k are the regression parameters of the surface estimated from the experimental data.
β ij x i x j + ε 7 Table 6 shows that the maximum and minimum values of SDV are 5.107 and 2.313, respectively, and its ratio is 2.235; this is smaller than the required ratio of 10 for RSM. From the data in Table 6 , the response surface function between SDV and the three key factors is obtained as follows: Table 7 shows the quadratic model variance analysis of fitting the experimental results in response surface analysis. The F value is 4.97, and the multiple correlation coefficient is R 2 = 0 816, indicating good fit between the calculated variance of the velocity variance and the predicted value at the extrusion of the compound. Figure 6 illustrates the effects of angles A and B on SDV. In general, the SDV increases with an increase in angle B when angle A was less than 10°, whereas it decreases with an increase in angle B when angle A was more than 10°. At a high angle B, the increase in angle A has a significant effect on SDV. However, at high angle B, the increase in angle A resulted in an increase in SDV. At a low angle B, SDV first decreases and then increases. SDV is higher for high angle A and high angle B. Figure 6 also shows a clear interaction between angles A and B. The combination of different values of angles A and B significantly affects the SDV. Figure 7 demonstrates the effects of angle A and outlet width D on the SDV; this figure shows that angle A should be set at a low value for improving the uniformity of the rubber flow in the outlet cross section. A high range of angle A resulted in high SDV at all values of angle B; with an increase in angle Table 5 : Experimental variables and their coded levels for CCD.
Factors
Coded 3.3. Simulated Annealing (SA) Algorithm. If the minimal function is obtained using (8) , the problem becomes one of nonlinear optimization. Metropolis, Rosenbluth, and Teller originally proposed the simulated annealing (SA) algorithm to simulate the annealing process [20] . SA starts with a high temperature. After generating an initial solution, it attempts to move from the current solution to one of its neighboring solutions. SA algorithm uses the analogy between the minimization of the cost function of an optimization problem and the slow procedure of gradually cooling a metal until it reaches its "freezing" point, at which the energy of the system has acquired a globally minimal value. This algorithm is based on an iterative method proposed by Kiani and Yildiz that simulates the transition of atoms in equilibrium at a given temperature [21] .
For the combinatorial optimization problem, each point in the solution space represents a target function solution. The so-called optimization involves finding the extremum of the target function in the solution space. If the objective function is the energy function, the control parameter of the combinatorial problem is the temperature and solution space is the state space. The aim then is to find the base state by using the SA algorithm; this can be seen as target function extremum optimization. Consider the rubber flow velocity variance at the outlet as the target and set the constraint conditions as angle A = 6°-25°, angle B = 20°-70°, and outlet width D = 30 mm-90 mm. The temperature renewal function in simulation annealing is then given by the following:
Here, k is the temperature cycle number, t k is the temperature at step k, and t 0 is the initial temperature. The state receptive function is given by the following:
Here, ΔE = E i − E j , E i is the energy function in the current solution state and E j is the energy function in receptive function state. The use of P ij forces the systems to evolve into thermal equilibrium; that is, after a large number of perturbations, the probability distribution of the states approaches the Boltzmann distribution. The energy function is the target function given by (8) .
The searching mode for the receptive solution space is based on the small pace search method as expressed in the following:
Here, X i is the current state solution, X j is the new state solution, l is the searching cycle number, and Δ is the searching step. 
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The proposed SA algorithm can be described as follows:
Step 1. Design the algorithm parameters. Determine the initial value of temperature t 0 and set t = t 0 . Randomly find an initial feasible solution X 0 that is assigned as the current solution X i . Set iteration counter k = 1.
Step 2. Calculate the energy function at the current solution and obtain the new state solution X j based on (11).
Step 3. Calculate the new energy function E X j and obtain the energy difference ΔE.
Step 4. The judgment standard of the new solution is accepted or is not according to (10) . If it is accepted as the new trial solution, set X i = X j and go to step 6; otherwise, go to step 5.
Step 5. If the frequency search reaches the upper limit, go to step 8; otherwise, l = l + 1 and go to step 2.
Step 6. k = k + 1; the new temperature t k is obtained using (9).
Step 7. If the temperature t k reaches its minimum, go to step 8; otherwise, go to step 2.
Step 8. End.
The search for the minimal energy function is executed by setting the initial temperature as 3000°C, initial minimum temperature as 0.05°C, searching step as 0.01, and maximum number of loops in interval searching as 1000. The optimal solution of the energy function is A = 10 8°, B = 46 6°, and D = 52 5 mm. Then, the minimum R value is 2.15.
Verification of Numerical Experiment.
To further verify the improvement in extrusion quality, an optimized head runner was built with angle A = 10 8°, angle B = 46 6°, and outlet width D = 52 5 mm. The other structure parameters of the original head runner were maintained.
By considering the velocity variance of the rubber flow in the outlet cross section as the target, the rheological parameters of rubber were tested at 120°C, 100°C, and 90°C. The effect of temperature on the extrudate quality of optimal runner was analyzed under inlet flow rate of 0.000345 m 3 . By changing the inlet flow rate to 0.000345 m 3 , 0.0004 m 3 , and 0.00029 m 3 at 110°C, the effect of the inlet flow rate on the extrudate quality of optimal runner was analyzed at 110°C. Table 8 lists the obtained results, which indicate that the optimized runner can reduce the flow velocity variance and improve the rubber extrudate quality under different temperatures and different inlet flow rates. Figure 9 shows the flow velocity distribution in the optimized runner at 110°C and at 0.000345 m 3 inlet flow rate. The flow velocity distribution was uniform in the outlet cross section, and the velocity gradient in the flow direction was reduced significantly. Figure 10 shows the extrusion state of rubber in the optimal runner. This figure shows that the rubber flow is stable and that warping disappeared. The extrudate quality of rubber was improved.
Summary
(1) By simulating the extrusion of rubber, the choke block and runner were found to significantly influence the exit velocity of rubber. Therefore, PB experimental results indicate that angles A and B and outlet width D of the runner are the key factors affecting the extrudate quality considerably. The radius C, (2) The CCD experimental method was used to construct the response surface model of the three key parameters, namely, angles A and B and outlet width D, and to obtain the influence law of combinations of different parameters on the uniformity of the rubber flow. The optimal key factors of the runner are obtained through SA optimization. The simulation results show that relatively more uniform velocity distribution of rubber flow in the outlet cross section is achieved.
(3) Through a comparative analysis of the compound extrusion quality modeling at different temperatures and the inlet flow rate in the optimized runner, the flow velocity distribution is improved. The test results of the rubber extrusion state by using an optimized runner indicate that the optimized runner significantly improves the extrusion quality. Thus, the proposed optimization method is effective for extrusion runner design.
(4) The proposed optimization method is suitable for optimizing the extrusion runner as well as for other extrusion experiments. The optimization strategy for the head runner can provide theoretical guidelines for improving tire rubber extrusion and coextrusion processing technology.
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